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PROJECT SUMMARY

Objective 1: Design and build a modular, grid-
tied integrated three-phase, minimum three
port 480 V ac power electronic hardware

prototype with open-source controls,

communication, protection and intelligence to
demonstrate the value of the HUB concept.

M3PE-HUB Controller
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Objective 2: Develop CHIL interface

connected with a real-time feeder model for
the evaluation of a single M3PE-HUB suitable
for multi-time scale CHIL simulations, and
scaling efforts to include multiple HUBs.
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Objective 3: Develop medium voltage
power stage building blocks with advanced
device packages to address critical
technology gaps for direct grid-tied
medium voltage power electronic converter

systems.
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Innovation: HUB Architecture

Features of the Modular Multiport Medium Voltage
PE HUB (M3PE-HUB) platform

- Automation of energy flow between multiple

System-level Control
.ﬁ I To/From

Clearing Price, Real & Hub Controller
A

Reactive Power Set Point

Lo O PARREL e > s T s
_____ Cost / Utility Function, Real
P & Reactive Power Range

‘CONVENTIONAL

GENERATOR

CONVENTIONAL CONTROLLABLE

el - NN h (" s-
A’/ i Rl \A s-UPER v
Comp. Platform (RaspberryPi)
LOAD LOAD Interface Source / Load
Agent Agents

sources and loads with on-line optimization

AGENT
Forecast
Receiver

AGENT
Transactive
Receiver

AGENT
Learning
Receiver

AGENT
Optimizer
Receiver

D >

D | >

|
|

AGENT AGENT AGENT

Fault Utiity Device Device
Notification Interface Comms
.4 4

|i * ‘.' LEGEND

r..] -| == S|GNAL FLOW

‘ l = = POWER FLOW

o
e

Load/

[ ]

[ J

[ J

»Source

Encryption, Encryption,
uthentication uthentication

Logic, Drivers Logic, Drivers PREPSEPS
Protection & PE Protection & PE
‘ Protection ‘

v/ / — Single transactive node that enables market
ntelligence L. . . . . )
- ) Autonomous|| System || State |[artifica participation or integration into large centralized
N Functions ||Monitoring| [Machine||Learning
_@ ’ systems
[ weoar ]
{] o _ PSP & PITM cONTROE * Grid services: harmonic distortion management,
Generator, rogram rogram .
f t 1 i o i 2 i 2 unbalance management, voltage support, outage
¢ » Source sl (& s| |& . )
PEeE ] PEEE ] restoration support and ride-through etc. based on

the HUB location on the feeder.

* Increase in grid reliability and resilience: enabling
advanced de-centralized grid control architecture

 Interoperable/Vendor agnostic: minimizing the
number of DER interfaces, single point of
communication for utility management systems

« Modular and scalable agent-based software
platform with real-time dynamic control of device
systems to support the grid
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Control and Optimization using Distributed Agent-based System (CODAS)

Developed to support power electronic systems integration for both simulation and hardware projects

Optimization &
Management

Resource
Integration

Advanced Control

Background

Control ISR

State Machine ISR
=

Limit Checks/ =8 Scaling
Fault ] o
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CONVERTER
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PE
Converter
(Simulation or
Hardware)

Devices support multiple levels of hierarchy.

Simulations represent full switching models of
power electronic devices and auxiliary equip

Physical control is performed by DSP/FPGA
controllers interfacing an integration
computation node.

Computer node integrates other components
(sources and loads) with power electronic system
via communications and agent system.

Central controller registers devices with
automatic configuration system

System configuration is driven by converter
system capabilities and interconnected resources

(AUTOMATIC through Plug-and-Play
Communication Framework)



Multi port LV HUB: Grid inverter
Use Cases/Scenarios with 3 50 kW DC-DC converters.

Typhoon Platform
(Sim./Model)

J Converter Controller (CC)
[DSP]

Resource Integration

OOOUOO Same controller hardware and /
‘iii DDDDDD communication framework as AL Contoller (10

|
applied to hardware testing. o ST
Integration - 2
B Controller

_ .ntegratienl ™ — Used in early development stages
o to verify stability of optimization,
bz m controls, communications, and

systems integration.

[
Q
Ie)
o
e
C
(@]
&)
O
=
I

Integration
Controller

All hardware systems are modeled
including pre-charge and
contactor circuitry to ensure start-
up and shutdown sequences and
protection systems are validated.

2 Integration
Controller

Electrical System Topology
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PE Hardware baseline LV

HUB Hardware:

3 x 50kW DC/DC
Converters (ORNL)

1 Grid Inverter 100
kW(ORNL)

Final LV HUB Hardware

2 x 50kW DC/DC
Converters (ORNL)

1 x 50kW DC/DC(DAB)
Converter (NCSU)

1x 250kW AC/DC
Inverters (Semikron)

ORNL Developed
100 kW Inverter

Controller

Controller

communications e
Controller LTI
LOAD

BUILDING

L0000
Looooooy
[ ]

PO

Controller

¢

GENERATOR

1000vDC

Z \

PCC

GRID

/ Integration Board

ORNL DSP Control Platform
and Software
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Transient operation of the LV-HUB, 1 kV DC and 480 VAC: 3 DC-DC Converters, 1 D

[Flements | Gptions | o
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Specifications for 10 kV H-bridge:

Input voltage (DC): 6 - 7 kV

Current rating (DC): 10 A

Output voltage (DC): < 3 kV
Switching frequency region: 1 -5 kHz
Test configuration: Buck mode
Cooling: forced convention

Ambient temperature: up to 40 °C

10 kV DC-DC Converter Architecture

External-Fed .

-
ik 3

j’ M M M M Requirement:
Vﬂc
o Gate Driver 0

Insulation
Requirem:

N\

ﬁc -H%} ks @

' 00 - ‘o
Electrical

DC
Breake|

Cables Contactor
AC
Ports

3.3kV and 10kV Power module platform

Evaluation of novel gate-source configuration for low inductance parallel device integration
Can support 2 x 3.3-10kV (8mm devices) per switch position or 3 x 1.2-1.7kV devices (5mm

devices)

Configurable as Full bridge or Half Bridge Configuration internally

ORNL Medium Voltage Power Module : up to 10 kV




Medium Voltage Smart Gate Driver (ORNL) Auxiliary Power Supply | 20kV peak voltage, 14.14kV RMS voltage (UTK)

Design, manufacture, and test of initial single switch medium
voltage prototype
Included fiber optic interfacing

Onboard device level sensing features

Two level soft turn-off

Signal level testing completed
Test with Microchip 3.3kV TO-247-4 lead packaged devices for DPT board
function
Scale voltage to 10 kV for module level multi-position
configuration to support full bridge module design

Auxiliary Power Supply Topology

P mm—— T S SREEEE
bbbt PO iy } . Fie | ot | vencn | voriaca| 7o | oispny | ursors | wessuce | was | et | yscope | anaze | unites | v (] rsc (=) | | |
v ) T 1 - { i

N e e e P Y WU o

e A ﬂ
CH3 (PLrpIe Curve): [ | ! ]
L ! X R | L b= (] La A ANRAARRAAADAARANAAARAS

Gate Vo‘ltage (5 Vidiv) O T ANNNN AY 7X AENE A W A T 1Y \ T .
\ \ \ { /A / I 1\ [ J \\ G A Pibsd v altsa i bl tie g b pial |y
. | | | \ | ] 4 par) y Ve tr-y - ‘*'\'&W\“’“ L A TR A

o L PP S FORE o A T T Al 2\ o
- i L /i 1 ] TR Primany side current
‘f\' P U CORGIEW Ly s 3 VAR B V4 ) w \Y \Y -\ \Y \} N W J H
CH4 (Green Curve): < P o v | G e e B o (Y :
& Emulated Vgesar (2 V/div) i
I @) Soadiv MO §y:20.0M @255 N/ 83V S5.0psidiv 20.0MS/s  50.0ns/pt @ 20.0vidiv By250M @) we212ys K@ /v 2000psidiv 20.0MS/s  50.0ns
@ 5 ovidiv By:20.0M @ s None Auto )| Stopped 1 @ tovidiv By:20.0M @D None Normal | Stopped Single Seq 1
@ 8ovidiv 8:1.06 @ 3589505 3912070 acqs RL:1.0k @ sovidv B1.06 Q@) 144 aa1ys 1acqs. RL:40.0k
@ 5 ovidiv MO §,:200M @257 Auto June 21, 2021 10:13:53 @ 5w 1MQ 84:20.0M Q@) 69231z Auto  July 20,2021 11:51:51

Value Mean Min Max StDev  Count Info Valuo Mean Min Max  StDev  Count Info

10.0ps/div 100MS/s 10.0ns/pt

Stopped Single Seq 1 @ Ampl [150V [1487109¢ 0.0 156 2545m [s.545k @ max
I 9.5624: I 198 J69s4  [ssdsk @ vox  [TTA [Tew9ess |17 77 0o 1.0

@ Ampl
1acqs RL:10.0k
s @ Ampl 110 [1476m _[s:545k @M [S6V 96399995 [864  |864  [00 10
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\ea 20/div w106 @ »2 @ 130ns
@50 200ns  -3us 703ns @ 200m @ 950ns
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. Lo o] :
A @ /156
None Normal

Cons March 08, 2018 10:46:58 @ Freq 13.33M 1 5.545K @ Vo [S6V [26399995 | 964 564 0.0 1.0

. 3 61.7k
@ Ampr [2454V 24496493 [0.0 2464 Iﬁ.nm 5545k @) PPk [0V [560 56.0 560 0o 10

Smart gate driver . 33 kV rated mOdUIG Gate driver transient operation: Gate Normal operation with 750 load resistor One output open circuit operation with 75 load res'j:o6
voltage and Desat protection Auxiliary Power Supply Transient Operation
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Magnetics Build and Test Setup in GRID-C @ ORNL

3.3 kV rated In

C Converter built @ ORNL




Fvaluation of Power Devices : Static Characterization in GRID-C @ORNL

N S VARL ¥ ||"
Monitor{ 22_5711 W 15_5855 & )
Mode :
LIN-SGL
100 A| Stop : =
= ’V B
No. of Steps :
30 B
Compliance :
1004 B
VAR2 ¥
Start : =
av E
Stop : =
20V B
Step :
2v
No. of Steps :
7 B
CONST ¥
2.5 V/div.
Static Characterization Test Setup in GRID-C @ ORNL el Forward Characteristics : 3.3 kV rated SiC MOSFET
e MARKER( 13.2983V 57.6885 A 15.10295)
10n
100 >0 = 3n
T 9 % in
o — ko
S a0 " S 300p
70 @ 100 p
60 30p
50 10p
40 3
g 30 -L§~ ip
o 20 5 3mf
10 & 10f
0 0 30f
10f

3 4 5 6 7 8 9 10 11 12 13 14 15 16
VGS (V) 1.00 /div 100 m 500m 1 23 5 10 20 50 100 200 500 1k 2k 5k 10k

18
Transfer Characteristics : 3.3 kV rated SiC MOSFET




Double pulse test bench DC-link capacitor voltage:

. 7 kV high voltage probe
with measurements (Agilent, N2891A)

Inductor current: - A
clamp current probe ‘ A\
(TCP303, Tekironix) =

V
=) ‘1’ [} )
B

o~

"

as

Powertech)

Safety encloser

s .‘.\‘

witch current (1d)
0.1-ohm shunt resi
(Coaxial SSDN-10,

Bench top high voltage
DC power supplies |

MAGADC: SL series

e

1.5kV, 1.5 kW

Switch voltage (Vds): Gate voltage (Vg): MATSUSADA: AU-10R220-LCFW: 10 kV,

v

40 kV high voltage probe 1.5 kV differential probe
(P6015A, Tekironix) (THDP0200, Tekironix)

Dynamic Characterization Test Setup in GRID-C @ ORNL

¥¢ 1300V, 30A, 156 uJ (Eoff), 908 uJ (Eon) A 1300V, 40A, 221 uJ (Eoff), 1244 uJ (Eon) () 1300V, 50A, 312 uJ (Eoff), 1686 uJ (Eon)
O 1000V, 50A, 254 uJ (Eoff), 1155 uJ (Eon)
500 V, 50A, 187 uJ (Eoff), 311 uJ (Eon)

S 1000V, 30A, 121 uJ (Eoff), 619 uJ (Eon)

500 V, 30A, 66.4 uJ (Eoff), 167 uJ (Eon)

Te

- switéh voltage, Vds
h voltage prob

Switching Characteristics : 3.3 kV rated SiC MOSFET, 30 A @ 1300 V

(@ i10.0A ©

value
51.2 A
1.69kv

1000V, 40A, 168 uJ (Eoff), 842 uJ (Eon)
500V, 40A, 115 uJ (Eoff), 228 uJ (Eon)

(Shuntr




Design for the 10kV integration with scalability for power to support testing at 3.3kV transition from power modules and magnetics

Auxiliary Power

Supply

External-Fed

s e
=

Sensors (ORNL)

git 3

& |

MM

Insulation
M Requirement:
Vae

Insulation
Requirement:

DC
Ports

DC link capacitor,
decoupling capacitor,

(e,

ﬂ%%

Magnetic Component
(ORNL)

Electrical
Cables

Contactor
——ik & ac

Ports

Busbar
(ORNL)

AC/DC Relays(ORNL)

Gate Driver
(ORNL)

24”x24°x12”
DC-DC Converter (ORNL)

Integrated Module
(ORNL)
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HIL Validation of Multi-Port HUB

Block Diagram for multi-timestep single node CHIL for M3PE-HUB

m Test Functions
M3PE-HUB Controller Digital Real-Time Simulator
Voltage Volt-VAR
Functions Volt-Watt
Lower Level
High/Low Voltage Ride-through .
Controller PWM, Trip e
i . Grid
Dynamic Voltage Support signals,
Power Factor Operating
mode '
Frequency Frequency Watt ©
Functions High/Low Frequency Ride-through el Setpoints
Normal and Delayed Ramp Rate - V,ILf Current € eedback V, I, f
Others Control * Alarms command |[Feedback V, I, f

Operating status

Controller (3555 RTAC) © CBstatu

® RTDS

~ Distribution Feeders

EtherCAT, DNP3 or IEC 61850

» The CHIL system will be developed to host both the M3PE-HUB model and the interconnected feeder model on a digital real-time
simulator (DRTS) platform

« Multi-timestep implementation, to capture the dynamics and steady-state operation accurately

« Assessment of single transactive node for grid services such as: harmonic distorsion management, un-balance management, voltage

support, etc., based on location of the M3PE-HUB on the feeder 21



Back-to-back Confi

gured MV-Energy Hub: Model Development

DAB regulates current flow between 2kV bus and 3kV bus

Input: measured the current

= CHB-DAB blocks-based MV-Energy hub
« CHB module (both 3kV voltage control)

AC Grid -2

AC Grid -1 : ' i ;
| I | I
Va1 al : 3kV | DAB : 3kV a2y
- I I -
Vb bl : 4 Level DAB |1 J_ : DAB 4Llevel | | Iy
f\J e s CHB = Modules | ! kv | aul - CHB —
Ici 1 | Modules odules 11 T | Modules Modules | ! _lc2
Vor e—=— | : | —=»
: Vice1 | Vdc_common Vdc2 :

CHB regulates 3kV dc-bus

Input: measured voltage, Vgc; DAB regulates 2KV dc-bus

Input: measured voltage, Vg common

Back-to-back configuration (CHB-DAB-DAB-CHB)

.. .

A&; Type ’ AC Ty;-:e

Averaged CHE-DAB Averaged CHBE-DAB

wi voltage control wi current control

© o osrel

0.005 0005
El= 138 kv kY 138 El=

_®

Pref_Mw
Pref
- 186 2
B Pref

in RSCAD

CHB regulates 3kV dc-bus
Input: measured voltage, Vg,

RSCAD
(RTDS)

PQ and 3k dc link (Left)

5E5

0

-1E6

-1.5E6

3,050

3,000

2,950

2,900

2,850

DC side: DC 3kV

control)
*  Primary side: CHB side DC 3kV
» Secondary side: Common DC 2kV

P..s change from 0 MW to 1 MW

2k dc link (common) PQ and 3k dc link (Right)

* AC s side: AC medium voltage (13.8 kV)
Vb2
VcZ;@ )

« DAB module (Left: 2kV voltage control, Right: curren

Pm Om Vout _meas M2Pm M20m
== 2,020 _ 1.5E6 _———
2,000 1E6 ’
/ 5E5
Ly 1,980
[ A
\dc3k - 1960 M2Vde 3k
—_— " 3,200 —_—
1,940 3,150 {\\
/7 3,100
/ 1,920 \
3,050 \
1,900 3,000

0 0.16667.33333 05 0.66667.8!

0 0.16667.33333 0.5 0.666670.8:

0 0.166670.33333 0.5 0.666670.83333



/ Operation Mode Determination \

Hub k optimization algorithm . .
) clearing price

[ I
| I
I |
. v v .
I : : l
| Normal Operation Abnormal Operation | ,
I I
: lState; Gridf,V, ¢ sensed State; Grid f, V, ¢ sensedl :
| , |
. Operational Mode and
I o o e e o o e e e e o -
: Oper_atlonal MOde and Point Computation | \
Point Computation _ I "3 :
| Setpoints; mode of bk
! : : operation; f, V, I, ¢ o P 4 N
I Setpoints; mode of operation feedt’)a’ck’ ’ | | totalhub-level load Hub k :
: Downstream Asset I : :
I Asset operating points; Optimization l [ DSO market ] ]
l f, V, I, ¢ feedback P! o-level il |
\ ’ P Y ’ | load I
. . |
\ Operational point feedback < 7 markel g :
AN and sensing to HUB A dearing ol :
S e T _ - : orice |price Hpdatedistates I
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| 1

Operating Modes of the HUB- Controller 23



Controller validation using CHIL Setup — Voltage Regulation

GM:L;I‘W Time: 2021/07/02 14:38:11.51704495 Mumber of Data: 400.400 Sampiing Interval: 50.000us
25000 1 25000 ! ;' e S e, AR Volt-VAR Control Curve
| 10V input corresponds to 1.0 p.u.,: B -
which resultsin P =1.0,Q=0.0 - >
! ’ & 0.2
! o =
i Z &
= o 0.J5 1.25
) _ t &
| i o
! : a2
L | -0.8
! Peak AC Voltage [p.u.]
|
E : lVolt-W' att Control Curve

10.6V input corr:esponds to 9.2V inﬁ)ut corresponds to
approximately 1.06 p.u., which approximately 0.92 p.u., which
resultsinP =05, Q=-0.5 resultsinP=1.0,Q=0.5

g
o

085 095 105 1.15 125
Peak AC Voltage [p.u.]

0.4

Active Power [p.u.]
=)
P—l

: Analog output for P sétpoint in p.u. [0.5V/div]

i) 0.00000

* Input from DRTS — scaled rms grid voltage
« \Voltage varied at constant frequency
« P and Q setpoints governed by implemented VV and VW functions

« Voltage variation was within normal operation range of ride-through settings 24



Controller validation using CHIL Setup — Frequency Regulation

Main Trigger Time: 2021/07/02 14:50:10.77724141 Number of Data: 400,400 Samping Interval: 50.000us
Group1 ICH1 Sampling Interval: 50.000us
25000117 | Frequency-Watt Control

oV input cofrresponds

. Curve
to 60 Hz, which results 11
inP=10,Q=0.0 '
é 1
2 0.9
B
g 0.8
: ~ 0.7
\, ©-9V input corresponds to Z 0.6
.~ approximately 61.8 Hz, which &
- resultsinP=0.5,Q=0.0 0.5
0.4
Analog output for P setpoint in p.u. [0.5V/div] 59.98 60.03

Frequency [Hz]

Is] 0.00000

. Input from DRTS — scaled grid frequency

* Frequency varied at constant voltage

« P setpoints governed by implemented FW function

«  Frequency variation was within normal operation range of ride-through settings

«  Functions will be used for Hub use-case assessments 25



Innovation Update

Milestone Update

Scheduled Due % Completion = Completion Date

Milestone Description

Date

Year 1
Design the smart interface and the agent-based software for the low voltage 1/15/2021 100% 1/10/2021
vendor hardware
Duplicate, Test, and Integrate SuNLaMP Multi-Port PE Hardware and 1/15/2021 100% 10/30/2021
Controls [Go/No-Go]
Development of the controller firmware and hardware 1/15/2021 100% 1/10/2021
Complete the simulation transactive control algorithms with multiple M3PE- 1/15/2021 100% 1/10/2021
HUB
Year 2
Comrflete .the integration of LV multi-port HUB and demonstrate 2/15/2022 90%
functionality [Go/No-Go]
Complete the desi d build of th luation of 3.3 kV H-bridge based 50%

omplete the design and build of the evaluation o ridge base 2/15/2022
power stage

80 %

Validate and test the proposed control strategies for energy hubs 2/15/2022
Development and testing of CHIL for the single M3PE-HUB in a real-time 2/15/2022 80%
feeder model

26



Innovation Update

Risks

 Anticipated delays in 3.3 kV H-bridge power stage

O Anticipated delays in the integration of prototypes from partners due to supply chain issues.

Future Work

O Complete the integration of prototypes for final LV-HUB demonstrations.
1 Develop and evaluate the 10 kV dc-dc prototype in collaboration with the partners

1 Complete the CHIL implementation of the medium voltage HUB and show the impact of the
HUB concept with use cases.

27



Invention Disclosures Filed:

« M. Starke, B. Xiao, M. Chinthavali “A Low Voltage DC Power Electronic Hub to Support
Buildings,” IEEE International Conference on DC Microgrids (IDCM), July 2021
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THANK YOU



Insert any acronyms used and the

associated definition here
XXXX
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